This study examines the properties of nanobased dental restorative materials with nanoindentation method in a precise, repeatable, and comparable way. Microhybrid and nanohybrid composites, conventional glass ionomer materials, and light cured nanoionomer materials were utilised for the study. Specimen discs ( = 10 mm, ℎ = 2 mm) were prepared to test the hardness, modulus of elasticity, yield strength, and fracture toughness values for each sample in a nanoindentation device with an atomic force microscopy addon ( = 25). Comparative analyses were performed by one-way ANOVA and post hoc Tukey tests. The hardness and modulus of elasticity values of nanocomposite were higher (2.58 GPa and 32.86 GPa, resp.) than those of other dental materials. Although glass ionomer exhibited a hardness that was similar to a nanoionomer (0.81 versus 0.87 GPa), glass ionomer had the lowest fracture toughness value ( = 0.83 MPa/mm 0.5 ). The mechanical properties of resin composites improve with additional nanoscale fillers, unlike the glass ionomer material.
Introduction
The success of dental treatments depends not only on biological, chemical, physical, and pathophysiological principles but also on the sufficient and precise knowledge of the mechanical properties of dental tissues and materials. The assessment of the mechanical properties of dental tissues and materials is vital for developing biocompatible dental materials used in dentistry [1] . For the past six decades, multivarious mechanical and physical tests have been performed to measure the mechanical properties of dental materials such as the compressive, tensile, bending, scratch shear strength, and microindentation test [2] (Table 1) . Considering the results of a literature review, it is difficult to establish a correlation among such studies because of the different test parameters and the lack of standardisation [3] . Moreover, conventional methods are inappropriate for determining the bulk properties of biphasic materials such as dental resin composites [4] . The filler particles used in these materials are dispersed inhomogeneously, and the measurements performed with a macrotip/microtip most likely measure mechanical properties that differ with measurement. However, measurements of dental materials using a nanoindentation system are relatively nondestructive, and the specimen preparation is less time consuming and, more importantly, allows the simultaneous comparison and evaluation of different variables and properties of different materials [5] [6] [7] . Furthermore, with appropriate add-ons and software applications, it is possible to calculate substantial properties such as recovery rate and yield strength, which are difficult to determine with conventional methods [8, 9] .
Elastic modulus (E) and hardness (H) are the two mechanical properties that are most commonly measured using indentation techniques [10] . Hardness is the resistance of a material to indentation or penetration. It has been used to predict the wear resistance of a material against applied forces such as occlusal loading [11, 12] . Elastic modulus describes the relative stiffness of a material and the ability to stretch under constant loading without deformation [11, 12] . Hence, knowledge of the modulus of elasticity and hardness is 2 Journal of Nanomaterials In the field of restorative dentistry and dental materials, nanotechnology has become one of the widest applications in the manufacturing of biocompatible materials [13] [14] [15] . Increasing mechanical properties with nanoingredients has resulted in advanced restorative materials called nanocomposites and nanoionomers [16, 17] . Nanobased restorative materials are mostly reinforced and refurbished resin composite materials that consist of an organic resin matrix, silane coupling agents, and inorganic micro-and nanofiller particles [16] [17] [18] . Nanofillers in resin composites and nanoionomers were found to be more effective at reducing polymerisation shrinkage, decreasing wear, and improving a material's mechanical properties compared with micro-and macrofillers [19, 20] . Increasing the filler rate is indirectly related to hardness, rigidity, elasticity, and toughness [21] . Nanosized filler particles can provide substantial improvements in the resin composite hardness, and elasticity has a tremendous effect on both the optical properties of materials and durability. In addition, the nanosized particles are involved in the fracture mechanisms of the resin composites, including particle bridging, debonding at the poles of the particle/matrix interface, and crack deflection around the particles, which interact directly with the mechanical properties [22] . Besides, increased stiffness in nanomaterials has a minor negative effect on the materials' polishability and surface roughness [23] .
The aim of the present study was to investigate and evaluate the mechanical properties of nanobased dental materials in comparison with conventional restorative materials with the indentation test on the nanometer scale. Our null hypothesis is that both the nanocomposite and nanoionomer exhibit improved mechanical properties compared with the conventional resin composite and glass ionomer.
Materials and Methods

Specimen Preparation.
The dental composite materials evaluated in the current investigation have been selected to compare the conventional composites to available nanocomposites. Based on previous studies, four materials from the same manufacturer (3M ESPE) have been selected for the study: universal microhybrid resin composite (Filtek Z250, 3M ESPE, St Paul, MN, USA) and glass ionomer (Ketac Cem, 3M ESPE, St Paul, MN, USA) were selected for comparison to nanohybrid resin composite (Filtek Z550, 3M ESPE, St Paul, MN, USA) and nanoionomer (Ketac Nano, 3M ESPE, St Paul, MN, USA) ( Table 2 ). As the materials vary widely in their filler and resin content, the measured mechanical properties exhibit a wide range of values to facilitate comparison and statistical analysis, whereas nanocomposite belongs to the class of nanohybrid composite materials that include nanofillers (20 nm) and microfillers (0.2 m-1 m). Fillers are zirconia/ silica, with 82% loading by volume [24] ; the content of the nanoionomer system consists of an acid-reactive fluoroaluminosilicate glass (FAS) and contains a combination of nanofillers and nanoclusters [25] . Ten circle specimens of each dental material were built up to ∼10 mm in diameter and ∼2.0 mm in thickness. Glass ionomers were mixed for 30 seconds according to the manufacturer's instructions and bulked into a Teflon hollow matrix as well as composites [26] . A flat glass piece was applied gently to compress and allow the removal of the excess material. Composites and nanoionomers were cured with LED lamp for 40 seconds (1000 mW/s, 440-480 nm) (Bluephase, Ivoclar Vivadent, Liectenstein) while the conventional glass ionomer was not (approx. 11 min) until the final setting is completed. Composite and nanoionomers were stored for 48 hours until final polymerisation was completed. The specimens were handground polished on silicon carbide paper under current water flow to achieve flat and parallel surfaces [3, 27] . 
AFM Nanoindentation Test.
The indentation experiments were performed using an atomic force microscopy Ambios Q250 (Ambios, Moscow, Russia) system combined with the IBIS depth sensing nanoindentation system (Fischer-Cripps Laboratories Pty Ltd., Sydney, Australia). A Berkovich indenter, calibrated for the materials, was employed with a stable loading at the lowest speed (0.061 mN/sec). This indenter consists of a three-sided pyramidal diamond tip (Young's modulus: 1140 GPa) with an apex angle of 66 ∘ . The test was conducted in a dry environment and constant temperature (25 ∘ C) within an insulated glass cabinet that was isolated from thermal and physical factors [27] . While three indentation points were taken on each specimen in total, 75 measurements were carried out [27] . Closed loop loading and unloading with 10 data points for each of these parts and a maximum force of 20 mN were used [9, 28] . In every indentation step, nanohardness, Young modulus, and indentation depth values were acquired. Nanohardness (H) is defined as the maximum load, max (mN), divided by the projected area of the contact impression, (1) , and Young's modulus (E) was calculated from (2):
where is the constant of the device; ℎ is the indentation depth (mm); is the reduced elasticity; and V-V are the Poisson ratios of the test material and indenter [29] .
The nanoindentation system software uses C++ nanoindentation algorithms that are developed to calculate the yield strength and fracture toughness [9] . Therefore, calculations of the indentation yield point ( ) according to the correlation between hardness and modulus (3) and fracture toughness ( ) according to formula (4) have been performed:
= 0.0084 ⋅ ( )
where 0.0084 is the indentation constant; is average diagonal length (mm), and is crack length (mm) [30] . The effect of filler content and distribution of the materials were analysed with the AFM investigations by determining 10 different film areas of 40 × 40 m with a resolution of 512 pixels. The AFM images of the materials were also acquired to evaluate the surface roughness and filler/matrix interaction.
Statistical Analysis.
The results are expressed as the mean ± standard deviation. The normal distribution of each dataset was confirmed using the Kolmogorov-Smirnov test. Intragroup data regarding the hardness, Young modulus, yield strength, and fracture toughness values were analysed by Mann-Whitney test, and analyses among the groups were based on one-way variance test (ANOVA) followed by a post hoc Tukey test with the SPSS 22.0 software (IBM, New York, NY, USA) ( = 0.01).
Results
In the present study, the nanohardness and Young modulus, yield strength, and fracture toughness values were determined and compared (Table 3) . AFM images were also obtained for the 4 different study groups: (G1) nanocomposite (NC); (G2) microhybrid resin composite (MRC); (G3) nanoionomer (NI); and (G4) conventional glass ionomer materials (GIC).
Nanohardness and Young Modulus Values.
Nanohardness (H) and Young modulus (E) were measured in the loaddisplacement curve based on the aim of the unloading curve according to the Oliver-Pharr method [10, 31] (Figure 1 ). The average nanohardness and Young modulus values measured from the NC, MRC, NI, and GIC are presented in Table 3 . Consistent with these measurements, though the nanoionomer and glass ionomer have similar hardness ( > 0.01), the other groups differ from each other ( < 0.01). The average Young moduli (E) of the specimens were 32.86 GPa and 22.65 GPa for NC and MRC, respectively, and 16.31 GPa and 13.45 GPa for the NI and GIC groups, respectively. The differences between each of the study groups were found to be statistically significant ( < 0.01).
Yield Strength and Fracture Toughness.
Yield strength corresponds to the point at which material deforms only elastically under the applied stress. Once this point is passed, nonreversible deformation occurs until the fracture point (toughness). In the present study, both the yield strength and fracture toughness of NC were the highest among the groups ( = 0.17 ± 0.01 GPa, = 1.75 ± 0.11 MPa) ( < 0.01). Though NI and GIC exhibited similar yield points, the fracture toughness of NI was significantly different from that of MRC ( < 0.01).
AFM and SEM Observations of the Indentations.
The AFM micrographs and SEM figures of the indented specimen surfaces are shown in Figures 2(a)-2(l) . SEM images of the different composites and ionomers represent the surface morphology and the effect of the nonagglomerated surfacemodified silica particles on the hardness and fracture toughness. The AFM images of all indentation tests were examined to evaluate if any radial crack around the indentation point was observed during the indentation tests. Cracking around the hole will cause modulus and hardness results measured from nanoindentation tests which will not be reliable, because, in this case, a large fraction of the force applied to the indenter is consumed for the formation and growth of cracks instead of material deformation [32] .
The images showed that although there were different materials tested in the study with different composition and structure, glass ionomers with/without filler ingredient still had the same surface roughness (Figures 2(g) and 2(j) ), while nanocomposite presented smooth and well-composed surface morphology compared to the composite resin after finishing and polishing procedure (Figures 2(a) , 2(d), 2(c), and 2(f)). Although nanoscale filler insertion in nanoionomer increased the hardness of the material, it has been proven that the yield strength and fracture resistance were the main factors affecting the microcracks caused by the indentation force (Figures 2(i) and 2(l) ).
Discussion
Nanotechnology leads to the production of smaller filler particles for resin composites with an average size of 50 nm, unlike milling procedures. However, inserting nanosized particles into the load of the inorganic phase in 80 wt% compared to conventional restoratives (50-70 wt%) improved the wear resistance and integrity of the resin composites and ionomers [33, 34] . Though it has been proven that nanosized filler particles provide substantial improvements in material toughness, it is still not clear how nanosized particles affect the elasticity and hardness of dental restorative materials [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
The current study aimed to determine the mechanical properties of dental nanomaterials using the nanoindentation method and compared them to evaluate their compliance. Thus, this research was conducted to include determination of four basic mechanical properties of two nanobased dental restorative materials compared to the conventional replacements: nanohardness, elastic moduli, yield strength, and fracture toughness. According to the results of the nanoindentation tests, insertion of nanoscale fillers into both dental resins and ionomers resulted in improved hardness, elasticity, and Journal of Nanomaterials toughness. These findings are consistent with the previous studies, which showed that the filler content significantly interfered with the mechanical properties of the materials [36, 37] . Therefore, our null hypothesis was confirmed. The compatibility of the nanohardness and fracture resistance of the dental materials used for posterior restorations under constant masticatory stresses affects both the related tooth and the antagonist tooth directly [32, 38] . Occlusal wear and fracture incidence generally depend on the selected restorative materials' indentation hardness and fracture toughness [38, 39] . In our study, both hardness and fracture toughness improved for nanocomposites and ionomers due to the increased filler loading and nanosized particle ingredients. The majority of studies are in general agreement that the fracture toughness of composites increases as filler volume fraction is increased [30, 34] . In general, it was shown that fracture toughness was highest in the more heavily filled resins being also independent of degree of conversion in the matrix. An in vitro study conducted by Ilie et al. focused on the fracture toughness of 69 resin composite and glass ionomer materials has proven that the presence of reinforcing filler particles in resin composites distributes the force into many components and causes the crack front to curve or dissipate between particles [40] . When comparing these results with our findings, resin composite and ionomer materials with nanofiller insert showed similar increased fracture toughness due to their regular distributed uniform shaped filler ingredients.
In this respect, our study was consistent with previous studies in the literature focused on mechanical properties and behaviors of the resin and ionomer materials tested with both conventional and indentational test methods [7, [40] [41] [42] [43] . In contrast, the hardness and toughness results (GPa) obtained from this study differ from those recently reported by Rosa and Salerno et al., who found that lower values for both properties could be caused by the applied force and indentation point differences [33, 44] .
The elastic properties of the restorative materials, such as yield strength and elastic moduli, measure the ability of the materials to restore to their original shape when a load is applied and removed [7] . The modulus of elasticity is directly related to the amount of deformation when the material is subjected to external forces [26, 45] . Hence, dental materials that are used in posterior restorations must possess an adequate modulus, strain, and yield ability to withstand the high forces during mastication [46] . In addition, the percentage of endurance combination, modulus of elasticity, and elastic recovery of the material used in the restoration of abfraction defects, which result from stress accumulation on the edge of tooth enamel-cement with the impact of occlusal forces, should be compatible with that of tooth tissue [47] . Materials with low elasticity modulus deform more under masticatory stresses and do not have sufficient resilience, which may cause catastrophic failure, whereas a high elastic modulus is required to withstand deformation and cuspal fracture [22, 37] . According to the results, the yield and elasticity of the resin composites change markedly as the size of the filler content is reduced and the loading rate is increased. Nevertheless, nanoionomers exhibit similar elastic responses compared to glass ionomers. These findings are consistent with prior studies that show that while resin composites adjust reinforcement with different types of filler insertions, the flexibility of the glass ionomer material mostly depends on the concentration of the composition, the manufacturing, and setting process [26, 41, 48] .
The AFM analysis performed to determine the indentation point and possible radial cracks that can cause the force to be consumed by the formation of the crack and prevent the deformation of the material to measure the yield and fracture toughness values [32, 49, 50] .
In addition, measuring the proper mechanical and physical properties of the restorative dental materials is important for both material selection and the clinical performance of materials. The nanoindentation test method is superior to conventional test methods in terms of four factors that are the reasons for being preferred by others [31] . First, the load and displacement of the indenter tip are continuously monitored as the probe is applied to the specimen, which enables the calculation of the stress/strain relationship. Second, relatively small amounts of material are required for specimen preparation, and the noninvasive measurement process does not deform the samples prior to further experiments. Third, the test options permit different calculation modes by changing the experimental parameters, such as appropriate indenter tip selection for each material and optimisation of applied load and time. Fourth, associated software allows the calculation and validation of multifarious mechanical properties in a single load-unload test process [4, 27] . Therefore, these factors should be considered in the selection of restorative materials in clinical practice.
Conclusions
Nanoindentation is one of the most precise ways of determining and comparing the mechanical properties of restorative materials. However, it was shown that the measurement of resin composites and ionomers in the laboratory is important for predicting the clinical performance of the materials. Although nanoscale particle insertion in resin composites results in improved hardness, elasticity, and toughness values, it has failed to produce the same outcomes for ionomers in contrast to expectations. Chemical composition of the nanoionomers especially the irregular glass particle distribution on the surface of NI, which results in greater amount of acid to react with nanoscale particles, possibly is related to the decrease in mechanical properties of the material in certain areas. Within the limits of this in vitro study, comprehensive tests conducted using the experimental conditions corresponding to the in vivo environment provide useable and comparable information about dental nanomaterials.
